Abstract: This paper concerns the experimental validation of the near-field -far-field transformation technique with helicoidal scanning. Such a technique, based on the theoretical results concerning the nonredundant sampling representations of the electromagnetic fields, makes use of a two-dimensional optimal sampling interpolation formula to reconstruct the near-field data needed to perform the classical near-field -far-field transformation with cylindrical scan. The comparison of the far-field patterns reconstructed from the acquired helicoidal measurements with those obtained from the data directly measured on the classical cylindrical grid assesses the effectiveness of the near-field -far-field transformation using this innovative scanning technique. Its validity is further confirmed by the very good agreement with the direct farfield measurements.
INTRODUCTION
For electrically large antennas, it is impractical to directly measure the radiation patterns on a conventional far-field (FF) range. Therefore, for such antennas, it is useful to exploit near-field (NF) measurements to recover the FF patterns via NF-FF transformation techniques [1] [2] [3] . In addition, the NF measurements may be performed in a controlled environment, such as in an anechoic chamber, thus overcoming those drawbacks due to weather conditions, electromagnetic (EM) interference, etc., which cannot be eliminated in FF outdoor measurements. The reduction of the time required for the acquisition of the NF data is becoming a very important issue for the antenna community. In fact, this time is currently very much greater than that needed to carry out the corresponding NF-FF transformation. A significant reduction of the number of required NF data (and, as a consequence, the measurement time) has been obtained for all the conventional scannings [4] [5] [6] [7] [8] [9] [10] by applying the theoretical results on the nonredundant sampling representations of EM fields [11] and the optimal sampling interpolation (OSI) expansions [12] . The use of the modulated scattering technique employing arrays of scattering probes, which allows a very fast electronic scanning, has been also proposed in [13] to reduce the time needed for the acquisition of the NF data. However, antenna testing NF facilities based on such a technique are not very flexible. A more convenient way of reducing the measurement time is the use of innovative spiral scanning techniques. They have been implemented, as suggested by Rahmat-Samii et al. in [14] , by means of continuous and synchronized movements of the positioning systems of the probe and antenna under test (AUT). In particular, NF-FF transformations using the helicoidal scanning [15, 16] , the planar [16, 17] and spherical [16, 18] have been developed. They are based on the aforementioned nonredundant sampling representations and OSI expansions. Accordingly, the NF data needed by the corresponding NF-FF transformation can be reconstructed by interpolating the nonredundant ones acquired on the spiral. The required twodimensional algorithm has been obtained [16] : a) by assuming the AUT enclosed in the smallest sphere able to contain it; b) by developing a nonredundant sampling representation of the voltage on the spiral; c) by choosing the spiral step equal to the sample spacing required to interpolate the data along a meridian curve. This paper deals with the experimental validation of the NF-FF transformation with the helicoidal scanning (Fig. 1) . Such a validation has been carried out at the laboratory of antenna characterization of the University of Salerno, where an advanced cylindrical NF measurement facility supplied by MI Technologies is available. The validity of the technique is further confirmed by the very good agreement with the direct FF measurements performed in the same laboratory. 
NONREDUNDANT REPRESENTATION OF THE PROBE VOLTAGE
The main results concerning the reconstruction of the voltage from the knowledge of a nonredundant number of its samples acquired by the measurement probe along a helix [16] are summarized in the following.
Let us consider an AUT and a nondirective probe scanning a proper helix lying on a cylinder of radius d (see Fig.  1 ) and adopt the spherical coordinate system (r, , ) for denoting the observation point P. Since the voltage V measured by such a probe has the same effective spatial bandwidth of the field [19] , the theoretical results relevant to the nonredundant representation of EM fields [11] can be applied to such a voltage. Accordingly, if the AUT is enclosed in the smallest sphere of radius a able to contain it and the helix is described by an analytical parameterization r = r( ), it is possible to introduce the probe "reduced voltage"
where ( ) is a phase function to be determined. The error occurring when V is approximated by a spatially bandlimited function becomes negligible as the band-width exceeds a critical value W [11] . In fact, it exhibits a step-like behaviour whose transition occurs at W [20] . Accordingly, such a bandlimitation error can be controlled [21] by choosing a bandwidth equal to 'W , where ' is an enlargement factor (slightly greater than unity for electrically large antennas).
The coordinates of a point Q on the helix, when imposing the passage of the helix through a given point P 0 at z = h ( Fig. 1) of the generatrix at = 0, are:
where i is the value at P 0 of the angular parameter describing the helix and = k , k determining the helix step. Such a helix can be constructed as intersection of the cylindrical surface with the line from the origin to a point moving on a spiral which wraps the sphere enclosing the AUT. In order to allow the two-dimensional interpolation, the helix step must be equal to the sample spacing needed to interpolate the voltage along a generatrix [11, 16] . Then, k is such that the step, determined by the consecutive intersections is the wavenumber, and > 1 is an oversampling factor.
According to the results in [11, 16] , a nonredundant sampling representation of the voltage on the helix can be obtained by using the following expressions for the optimal phase function and parameterization:
where s is the arclength of the helix, t is the unit vector tangent to it at Q, and R is the unit vector from the source point to Q. It can be verified that the extreme values of the inner product ˆR t are determined by considering the intersection of the plane defined by t and the unit vector r (pointing from the origin to Q) with the cone having vertex at Q and the generatrices coincident with the tangents to the source ball. Denoting by 1,2 R the related unit vectors and by the angle between r and t ( Fig. 2) , it results [16] : Fig. (2) . Geometry of the problem in the planer , t .
By substituting (5) into (3) and taking into account that d d r r t s = , we obtain:
On the other hand
and 2 sin = 1 ( ) r t
wherein 2 4 = cos
By taking into account (9) and substituting relations (6) and (8) in (4), it results:
As can be seen, the optimal parameter is proportional to the curvilinear abscissa along the spiral wrapping the sphere modelling the AUT. Since such a spiral is a closed curve, it is convenient to choose the bandwidth W such that covers a 2 range when the whole curve on the sphere is described. As a consequence,
In the light of these results, the reduced voltage at any point Q of the helix can be reconstructed via the OSI formula:
where n 0 = Int[( -( i ))/ ] is the index of the sample nearest (on the left) to Q, 2q is the number of retained samples and ( ) ( ) 2 (2 1)
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Moreover,
are the Dirichlet and Chebyshev Sampling functions, respectively, T N" ( ) being the Chebyshev polynomial of degree N " = N -N ' and q = .
The OSI formula (13) can be used to evaluate the "intermediate samples", namely, the reduced voltage values at the intersection points between the helix and the generatrix passing through P. Once these samples have been evaluated, the reduced voltage at P can be reconstructed via the following OSI expansion: (13) . It is so possible to reconstruct the NF data required to carry out the classical NF-FF transformation with cylindrical scanning [22] .
EXPERIMENTAL VALIDATION
Some experimental results assessing the validity of the described NF-FF transformation technique with helicoidal scanning are reported in this section.
The laboratory tests have been carried out in the anechoic chamber available at the laboratory of antenna characterization of the University of Salerno, which is provided with a NF facility system supplied by MI Technologies. The chamber, whose dimensions are 8m 5m 4 m , is provided with pyramidal absorbers ensuring a background noise due to the residual reflections lower than -40 dB. A vertical scanner and a rotating table allow one to acquire the NF data at any point on a cylindrical surface surrounding the AUT. The rotating table MI-6111B, mounted with its rotary axis parallel to the vertical scanner, ensures an angular precision of ±0.05°, whereas the vertical scanner, whose height is 240 cm, is characterized by a linear precision of 0.005cm ± . The controller MI-4190, connected to a host computer by means of a IEEE-488 interface, is used to control the positioners motion and is completed by the option MI-4193, so that it is able to simultaneously drive both the positioners. The amplitude and phase measurements are performed by means of a vectorial network analyzer Anritsu 37247C. This last is computer-controlled and is characterized by wide dynamic range, high sensitivity and linearity over the range from 40 MHz to 20 GHz. An open-ended MI-6970-WR90 rectangular waveguide, whose end is tapered for minimizing the diffraction effects, is used as probe. The chamber is equipped in its quiet zone with an additional rotating table, which allows one to perform direct far-field measurements in the case of electrically small antennas.
The considered AUT is a MI-12-8.2 standard gain horn with aperture 19.4 cm 14.4 cm , located on the plane x = 0 of the adopted reference system (Fig. 1) and operating at the frequency of 10 GHz. Such an AUT has been modelled as enclosed in a sphere having radius equal to 12.08 cm. The probe output voltages have been collected on a helix lying on a cylinder having d = 43.4 cm and 2h = 240 cm.
The amplitudes of the reconstructed probe voltage relevant to the generatrices at = 0° and = 30° are compared in Figs. (3 and 4) with those directly measured on the same generatrices, in order to assess the effectiveness of the described two-dimensional OSI algorithm. As can be seen, there is an excellent agreement between the reconstructed voltage (crosses) and the measured one (solid line), except for the peripheral zone wherein the error is caused both by the truncation of the scanning zone and the environmental reflections. It is worth noting that the reconstructed voltage exhibits a smoother behaviour with respect to the measured one, since the spatial harmonics relevant to the noise sources outside the AUT spatial bandwidth are cut away, due to the filtering properties of the interpolation functions. For com-pleteness, the comparison between the phase of the recovered voltage and the measured one on the generatrix at = 0° is shown in Fig. (5) The overall effectiveness of the described NF-FF transformation technique is assessed by comparing the FF pattern in the principal planes reconstructed from the collected helicoidal NF data with that obtained from the data directly measured on the classical cylindrical grid. In both the cases, the software package MI-3000 has been used to get the FF reconstructions. Obviously, the two-dimensional OSI algorithm has been employed for recovering the cylindrical data needed to perform the NF-FF transformation from the acquired helicoidal ones. As can be seen (Figs. 6 and 7) , the FF reconstructions are very accurate, thus confirming the effectiveness of the approach. It is worthy to note that the number of data needed by such a NF-FF transformation is 1922, whereas that required by MI software package to cover the same scanning zone is 11 520. As shown, the helicoidal scanning allows one to remarkably reduce the number of measurements, without losing the accuracy of the classical approach. Note that the number of employed data is comparable with that (2118) needed by the nonredundant NF-FF transformation with cylindrical scan [8] and is significantly less than that needed by the NF helicoidal scanning technique [23] , which requires the same number and retains the same accuracy of the classical approach.
At last, the E-plane and H-plane FF patterns obtained from the helicoidal measurements are compared in Figs. (8 and 9) with that directly measured in the FF zone. As can be seen, also in this case there is a very good agreement, thus further assessing the validity of the proposed NF-FF transformation with helicoidal scanning. The discrepancies in the reconstruction of the E-plane far-out sidelobes (see Fig. 8 ) are obviously due to the truncation of the NF scanning zone. Fig. (8) . E-plane pattern. Solid line: direct FF measurements. Crosses: reconstructed from NF data acquired via helicoidal scanning. Fig. (9) . H-plane pattern. Solid line: direct FF measurements. Crosses: reconstructed from NF data acquired via helicoidal scanning.
